The magnitude of dose due to the Fukushima Daiichi Accident was estimated by the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 2013 report published in April 2014. Following this, the UNSCEAR white paper, which comprises a digest of new information for the 2013 Fukushima report, was published in October 2015. Another comprehensive report on radiation dose due to the accident is the International Atomic Energy Agency (IAEA) report on the Fukushima Daiichi Accident published in August 2015. Although the UNSCEAR and IAEA publications well summarize doses received by residents, they review only literature published before the end of December 2014 and the end of March 2015, respectively. However, some studies on dose estimation have been published since then. In addition, the UNSCEAR 2013 report states it was likely that some overestimation had been introduced generally by the methodology used by the Committee. For example, effects of decontamination were not considered in the lifetime external dose estimated. Decontamination is in progress for most living areas in Fukushima Prefecture, which could reduce long-term external dose to residents. This article mainly reviews recent English language articles that may add new information to the UNSCEAR and IAEA publications. Generally, recent articles suggest lower doses than those presented by the UNSCEAR 2013 report.
Introduction
The magnitude of dose received by residents due to the Fukushima Daiichi Nuclear Power Plant accident was well summarized by the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 2013 report 1 published in April 2014. Following the report, the UNSCEAR white paper 2 was published in October 2015. It reviews literature published before the end of December 2014 and comprises a digest of new information and its implications for the 1 Fukushima Medical University, Fukushima City, Japan UNSCEAR 2013 report. Another comprehensive report on radiation dose due to the accident is the International Atomic Energy Agency (IAEA) report on the Fukushima Daiichi Accident published in August 2015. 3 Regarding radiation dose due to the accident, the IAEA report builds on the assessment by UNSCEAR and in addition includes a lot of data such as direct measurements of people available up to March 2015.
In 2015 and after, new information on dose estimation has been published. Obviously, these findings were not reviewed in the UNSCEAR white paper. Most of them were not reviewed in the IAEA report, either. Thus, the present article addresses the objective to give researchers the newest information in one place by mainly reviewing recent English language articles (published in 2015 and 2016) on radiation doses and associated risk from the Fukushima accident.
For this purpose, this article briefly describes the doses estimated by the UNSCEAR 2013 report and its methodology, categorized into (a) external effective dose, (b) internal dose due to cesium (committed effective dose), and (c) thyroid equivalent dose. Then, recent articles that may add new information to the UNSCEAR 2013 report as well as the white paper are presented for each category. In addition to radiation dose, health effects of radiation exposure are important topics that the UNSCEAR 2013 report deals with. Then, the UNSCEAR assessment and recent publications on radiation-associated risk are briefly described in the last section of this article.
Methodology for Literature Search
The review was limited to English language articles.
One literature search was conducted for publications from 2015 to the time of writing (May 2016), using the key words "dose" and "Fukushima" (anywhere in the title or abstract) on the PubMed database. As a result, 115 publications were found. As the next step, the abstract of each publication was examined; at this point publications were excluded if their focus was measurement of radioactivity/radiation rather than estimation of dose to the public. Even if dose was the main topic, publications discussing dose to workers, animals, and residents outside of Fukushima Prefecture were excluded. Then, 14 publications were selected. Also, by personal communication with the authors of these publications, information on relevant articles published in 2015 and 2016 (including those in press) was collected. This step added 5 more articles for the review.
Another literature search was conducted for publications from 2015 to the time of writing (May 2016), with the key words "Fukushima" and "thyroid" and "risk" (anywhere in the title or abstract) on the PubMed database. As a result, 9 articles were found. Among these articles, 3 articles discussing the relationship between thyroid dose in Fukushima and risk of thyroid cancer were selected. In addition, one relevant article published in 2016 was added after personal communication with the authors of the 3 selected publications.
Consequently, a total of 23 articles published in 2015 and 2016 were selected as the main targets of this review. In addition, reference lists of these articles were assessed for other relevant studies and websites. For this step, the relevant studies were not restricted to the publication years of 2015 and 2016. Then, excluding the UNSCEAR and IAEA reports, a total of 38 articles (or books) and 4 websites were included in this review.
This review was not intended to be a comprehensive review of dose estimation studies on Fukushima. It was designed rather to review publications that may add new knowledge to 2 comprehensive reports (the UNSCEAR and IAEA Fukushima reports). For this purpose, articles on radiation dose and associated risk published in 2015 and 2016 were the main target of this review, because the reviews by the 2 comprehensive reports cover articles up to December 2014 and March 2015, respectively.
One limitation of this review was its focus on articles selected according to the aforementioned approach.
External Dose
The UNSCEAR report estimated external doses to Fukushima residents, categorized as Group 1 (evacuated areas) and Group 2 (other areas). For Group 1 persons, 18 typical evacuation scenarios 4 were applied for estimating a 1-year external dose. For Group 2 persons of settlements (villages, towns, and cities), measurement data sets of deposition density of radionuclides on the ground were used for 1-year, 10-year, and lifetime external doses. Based on the data sets, dose rate at a reference site was estimated. Furthermore, district average doses were estimated for 1-year-old and 10-year-old children and adults, using (a) location factors, (b) occupancy factors, and (c) age (body size) factors. The external effective doses for the first year for Group 2 were the following: 0.03 to 3.0 mSv (adult), 0.04 to 4.3 mSv (10-year-old children), and 0.05 to 5.0 mSv (1-year-old children). For Group 1, the effective doses (external + internal) for the first year were the following: 1.1 to 9.3 mSv (adult), 1.3 to 10 mSv (10-year-old children), and 1.6 to 13 mSv (1-year-old children). The report did not break down the effective doses for evacuees (Group 1 persons) into external and internal doses.
A comprehensive study on external dose estimation was published in August 2015. 5 It was done as the Basic Survey for a part of the Fukushima Health Management Survey, 6 and personal behavior data (daily time budget and record of movement) were obtained by a questionnaire survey targeting all residents in Fukushima Prefecture. The doses for the first 4 months after the accident were estimated by superimposing the behavior data of the residents on the γ-ray dose rate maps. 4 Shielding effects of dwellings were also considered in the estimation. This survey had estimated individual doses for about 547 380 persons, as of the end of December 2015. Although the response rate to the Basic Survey was around 27%, the respondents could be considered as representative for all Fukushima residents. 7 As a means of extrapolating the Basic Survey results to the effective dose for the first year, data on individual dose measurements using personal dosimeters are available. Several months after the accident, most municipalities in Fukushima Prefecture started individual dose measurements using personal dosimeters. 8, 9 Ambient γ-ray dose rate had almost reached a plateau 4 months after the accident. In addition, individual doses estimated by personal dosimeters were almost equal to effective doses in model calculations that simulated γ-rays from the assumption of uniformly deposited cesium on the ground. 10 From these indications, it was concluded that the effective dose due to external radiation for the first year could be roughly estimated by adding the estimated dose by the Basic Survey (first 4 months) to a dose multiplied by 8 monthly individual doses estimated using personal dosimeters. 11 Results for personal doses from 5 municipalities are available in a journal publication. 8 The first-year dose estimated by the UNSCEAR report was compared with the dose extrapolated from the Basic Survey, as shown in Table 1 . Doses for the Basic Survey in Table 1 were regionalbased averages for all ages. From the Basic Survey results, dependence of dose on age group was not obvious (Table 2) . Results for the personal dosimeters were obtained mainly for children.
Comparison of the first-year doses for 10-year-olds showed that they did not differ greatly.
For external dose estimation, some findings that may add new information to the UNSCEAR report as well as the white paper are discussed from the following viewpoints: decontamination, age factors, evacuation process, and occupancy factor.
As can be seen from Table 1 , the UNSCEAR report adopted a factor of about 3.3 to convert first-year external dose to lifetime external dose for residents of every municipality. The effects of decontamination were not considered in the lifetime external dose estimation. On the other hand, the World Health Organization's preliminary dose estimation 12 considered it reasonable to assume that the ratio of long-term (lifetime) dose to first-year dose would be equal to 2. The doses estimated for subsequent years in Fukushima City from personal dosimeter data were generally consistent with this assumption. 13 Decontamination is in progress in most living areas in Fukushima Prefecture. In Tamura City, for example, decontamination work has reduced air dose rates by about 36% around residential houses on average. 14 For other places, it was also reported that air dose rate has been drastically reduced by decontamination. 15, 16 Since individual external dose correlates generally with ambient dose rate at housing locations, [17] [18] [19] reduction of air dose rate, especially around houses, can reduce the individual external dose. The progress of the decontamination work suggests it is reasonable to assume a lower value for the factor to convert from the first-year dose to the lifetime dose estimated by the UNSCEAR. This possibility was also mentioned in the UNSCEAR white paper. The second point is the age factors (body size correction and occupancy factor). According to the UNSCEAR estimation, external dose for 1-year-old infants was 1.67 times higher than that of adults for every municipality (Table 1) . For 10-year-old children, it was 1.4 times larger. On the other hand, the body-size correction factor adopted for the Basic Survey was 1.26 for 1-yearolds and 1.13 for 10-year-olds. 4 In addition, average time spent outdoors has been analyzed for a village included in the evacuated areas. 20 The results showed that average time spent outdoors and accumulated time of stay in the evacuated areas were both shorter for children (0-9 years and 10-19 years) than adults. These could be reasons why dependence of external dose on age was not obvious in the Basic Survey (Table 2 ). These factors (smaller body-size correction factor and shorter times spent outdoors and in evacuated areas than adults) may suggest the validity of the smaller age factors that the UNSCEAR report adopted (1.4 for 10-year-olds and 1.67 for 1-year-olds).
Another factor that may influence the dose estimated by UNSCEAR is that actual evacuation patterns differed from assumed patterns. In the case of Iitate Village, the average 4-month external dose for the Basic Survey was 4.0 mSv, 20 whereas the UNSCEAR report estimated it to be 5.7 mSv and 6.2 mSv using 2 typical evacuation patterns. The former dose was based on the assumption that evacuation was done on May 29 and the latter was based on the assumption that evacuation was done on June 21. However, around 70% of the residents had evacuated at the end of May and only 10% of the residents had still remained at the end of June. 21 As summarized above, some factors that suggest lower external doses than the UNSCEAR estimation have been presented recently.
Internal Dose to the Whole Body
In the UNSCEAR report, inhalation and ingestion doses were calculated based on age-dependent models and parameters. The ingestion dose was estimated using the Food and Agricultural Organization (FAO)/IAEA food database. The first-year effective doses due to ingestion were estimated to be 0.94 mSv (adult), 1.2 mSv (10-year-olds), and 1.9 mSv (1-year-olds) for all municipalities in Fukushima Prefecture except for evacuated areas. 1 Effective dose due to inhalation is relatively small compared with dose due to ingestion. It was estimated to range from 0.0 to 0.5 mSv for adults of nonevacuated areas. The FAO/IAEA food database includes data for over 500 types of foodstuffs sampled in all 47 prefectures in Japan. It was assumed that the majority of people in Japan obtain their food from supermarkets where food is sourced from the whole country. Although the main assessment of ingestion doses was based on the mean concentrations measured, many of the measurements were at or below the limits of detection. In these cases, it was generally assumed that the concentration of each of the radionuclides considered ( 131 I, 134 Cs, and 137 Cs) was 10 Bq/kg in each type of foodstuff, the nominal limit of detection. However, all values for 131 I were assumed to be zero beyond 4 months after the accident. This was considered to be more appropriate than assuming that all the values were zero but it may have led to some overestimation of the doses from ingestion.
On the other hand, internal dose to the whole body mainly due to radioactive cesium ( 134 Cs and 137 Cs) has been estimated by whole-body counting. The UNSCEAR report stated that direct measurements of the radioactive content of the whole-body dose due to the internal exposure [22] [23] [24] showed lower doses than those estimated by the Committee, by a factor of up to about 10. 1 Although whole-body counting data at an early stage after the accident were limited, 2 data sets were recently presented.
Hayano et al 25 reported early whole-body counter measurements done in Minamisoma City. These measurements were reviewed in the UNSCEAR white paper, which stated that the resulting doses (around 0.3 mSv on average) from internal exposure due to cesium were about 3 times lower than those estimated in the UNSCEAR report, although some uncertainty was associated with the results.
The other data set consisted of body cesium contents for 174 residents measured by the National Institute of Radiological Sciences (NIRS) from June to July in 2011. 26 Although the subjects included evacuees from the most highly contaminated areas such as Namie Town and Iitate Village, the average committed effective dose was far lower than the estimation by UNSCEAR for nonevacuated areas. The 90th percentile committed effective dose for these subjects was around 0.1 mSv and the maximum was 0.63 mSv for one elderly male. These 2 data sets support the UNSCEAR statement that the first-year effective dose due to ingestion of 0.94 mSv estimated using the food database may be overestimated. Whole-body counting of residents to check internal contamination is continuing even now and the data are updated on web pages of the Fukushima Prefecture government. More than 280 000 residents (as of March 2016) had been measured by whole-body counting. 23 The number does not include residents who were measured at hospitals independent from the program operated by Fukushima Prefecture. Thus, the total number of subjects already measured is much larger than 280 000. According to the web pages, the estimated doses were less than 1 mSv (committed effective dose), except for 26 persons. All of the high doses were measured in 2011.
Dietary intake of 134 Cs and 137 Cs is kept at a low level due to safety regulations of food and water. 27 Food-duplicate surveys presented by Sato et al 28 were continued in 2015 using similar procedures (food-duplicate samples were collected from 100 families in Fukushima Prefecture). Results for whole-body counting in subsequent years after the first year were published recently, 29, 30 which indicated cesium intake level was very low. Quality assurance for wholebody counters installed in Fukushima Prefecture was recently reported. Calibration for 36 wholebody counters using a standard phantom showed that these whole-body counters were well calibrated. 31 
Internal Dose to Thyroid
Similar to the internal dose to the whole body, the UNSCEAR report estimated thyroid dose due to inhalation and ingestion based on age-dependent models and parameters. Ingestion doses to the thyroids were also estimated based on the FAO/IAEA food database. Although the contribution from inhalation to effective dose is small as described above, its contribution to thyroid dose is not small. The first-year thyroid doses to 1-year-old infants for evacuated areas were estimated in the UNSCEAR report as shown in Table 3 . Although the number of subjects was limited, direct measurements of radioactive content of the thyroid were reported. 32, 33 The measurements indicated doses due to the internal exposure were lower than those estimated by the Committee, by factors of about 3 to 5 for thyroid doses.
Kim et al 34 summarized reconstruction of thyroid dose estimated by NIRS researchers and remaining issues. NIRS researchers estimated 90th percentile thyroid equivalent doses due to inhalation as shown in Table 3 . Kim et al used 3 approaches to derive the doses: atmospheric dispersion simulation, 35 whole-body counting data at an early stage, 36 and direct measurement of thyroid. The 90th percentile thyroid equivalent doses due to external radiation for the first 4 months are also shown in Table 3 ; they were derived from average doses for all respondents to the Basic Survey. The estimation was based on the assumption that effective dose due to external exposure is almost equal to thyroid equivalent dose due to external radiation according to an ICRP publication 37 (a coefficient to convert effective dose to thyroid dose due to external radiation was estimated to be around 1.1). Although doses presented by Kim et al are the 90th percentile for 1-year-old infants, they are generally lower than district-average doses for the same age estimated by the UNSCEAR report, even considering external dose. Remaining issues that influence the thyroid dose can be categorized as (a) dose from ingestion, (b) dose from short-lived Thyroid dose from ingestion is a controversial issue. The UNSCEAR report estimated thyroid dose from ingestion for a 1-year-old to be 33 mSv and that from inhalation to be 0.04 to 11 mSv (depending on settlements) for nonevacuated areas. The UNSCEAR report did not break down thyroid dose into ingestion and inhalation doses for evacuated areas, while it indicated ingestion and inhalation thyroid doses for nonevacuated areas. For nonevacuated areas, inhalation dose is relatively consistent between the UNSCEAR report and the study by Kim et al (0.04-11 mSv vs <10 mSv). This suggests that estimation of ingestion dose may be the main source of difference between the 2 estimations for the evacuated areas. Hirakawa et al 38 reported that early evacuees from the 20-km zone were fed before and during the evacuation with stored food supplies from unaffected areas and that consumption of fresh food was unlikely. If this scenario is more suitable than that assumed by the UNSCEAR report, the thyroid dose due to ingestion may be smaller than the UNSCEAR estimation. It should be noted, however, that tap water and river water were consumed during the period before drinking water measurements were started.
The dose from the short-lived radionuclide 132 I (half-life: 2.3 hours) may affect thyroid dose estimation. Shinkarev et al 39 pointed out that the contribution of short-lived radioiodine to the thyroid dose for the public in the case of inhalation intake occurring as early as March 12 might be as high as 30% to 40%. However, in the case of intake after March 15, its contribution was estimated to be less than 15%, which is reasonably consistent with the estimations by Tokonami et al 32 as well as Kim et al. 34 Since direct measurements of thyroid were limited to small groups, estimation of inhalation dose by using atmospheric dispersion models could be a useful method for reconstructing thyroid doses for a larger population. Recently, new data sources were presented (filter-tapes of operational air pollution monitoring stations), which have the potential to indicate atmospheric radionuclide concentrations at an early stage. 40 They may be useful for validation of a simulation program for atmospheric dispersion of radionuclides as well as reconstructing 131 I concentration in air immediately after the accident. 41 The UNSCEAR reports as well as the estimation by Kim et al 36 assumed typical evacuation scenarios for thyroid dose estimation for evacuees. In relation to this issue, Kim et al 34 proposed a new method to characterize subject groups depending on their behavior patterns. For this purpose, use of behavior records obtained from the Basic Survey has been started. Combination of the atmospheric dispersion model and personal behaviors may improve thyroid dose reconstruction for groups with different evacuation patterns.
Radiation Risk
Based on the estimated effective dose, the UNSCEAR report stated that no discernible increased incidence of radiation-related health effects was expected. The Basic Survey revealed first 4-month external effective doses for some individuals who did not follow typical evacuation patterns. 5 Even for persons who were found to have received the highest dose in the Basic Survey, no discernible increased incidence of radiation-related health effects was expected. On the other hand, the UNSCEAR Committee estimated settlement-average absorbed doses to the thyroid to be up to about 80 mGy and stated that doses toward the upper bounds of the ranges could imply an increased risk for individuals that among sufficiently large population groups might lead to discernible increases in the incidence of thyroid cancer due to the radiation exposure.
In response to the situation after the accident, mass screening using thyroid ultrasonography examinations and aspiration cytology is being performed as a component of the Fukushima Health Management Survey among children and adolescents with no or a few symptoms in order to establish baseline childhood thyroid cancer prevalence, followed by lifetime surveillance. 42 The UNSCEAR white paper said, on purely statistical grounds and some conditions, an increase of thyroid cancer due to radiation exposure might theoretically be discernible, if (a) the health of females exposed before the age of 3 years would be followed for the next 50 years and (b) their average thyroid dose were larger than the one in a control group by at least 20 mGy. In this estimation, it was assumed that the population of girls younger than 3 years constituted 1.5% of the total population and all persons could be followed-up for decades.
Although it is unlikely that an increase of thyroid cancer due to radiation exposure will be detected considering the estimated thyroid dose, [43] [44] [45] the follow-up by the Fukushima Health Management Survey will be continued.
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